ABSTRACT: Nonphotochemical quenching (NPQ) is the major self-regulatory 12 mechanism of green plant, performed on a molecular level to protect them from an 13 overexcitation during the direct sunlight. (either violaxanthin (Vio) or zeaxanthin (Zea)) per each
ecosystem is difficult to overestimate: it is the key 25 physiological process performed by green plants, algae, and 26 some bacteria that is responsible for the initial step of biomass 27 production and refilling the atmosphere with oxygen. To 28 efficiently perform this task, distinct photosynthetic organisms 29 have developed various photosynthetic apparatuses different in 30 structure but similar in design. Their "photosynthetic factories" 31 comprise a huge number of pigment molecules, usually bound 32 to a protein scaffold and distributed over a photosynthetic 33 membrane.
1,2 Both the mutual arrangement of the pigments 34 and their spectroscopic properties have been carefully adjusted 35 by Nature to optimize an overall efficiency of the photo-36 synthetic light-harvesting antenna: up to 99% of the absorbed 37 photons are successfully utilized during the later stages of 38 photosynthesis. 1−4 While such an efficiency helps photo-39 synthetic organisms to survive and to function at very low 40 illumination conditions (like underwater environment or deep 41 continuous shadow), bright sunlight might result in an 42 overexcitation of the light-harvesting antenna and lead to the 43 formation of highly reactive singlet oxygen species. In order to 44 avoid any possible photodamage, over ages of evolution, plants 45 have developed various self-regulatory mechanisms. The most 46 efficient one, operating on a molecular level and dissipating the 47 excess excitation as heat, reversibly forms and relaxes within 48 several seconds to minutes and is commonly known as an 49 energy-dependent (qE) part of nonphotochemical quenching 50 (NPQ). 5 Many studies aiming to reveal the molecular origin of 51 NPQ have been carried out over the last two decades (see, e.g., 52 the recent review by Ruban et al. 5 ), but the final answer is still 53 to be found, although more evidence for the direct involvement 54 of the carotenoid (Car) molecules appears. day. In addition, by using TIR microscopy, we excite only a were bleached (cf. Figure S1 ). Only the part of the FL time 
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Letter Distributions of FL intensities in both these mutants are very 213 similar, again demonstrating that the replacement of the Neo 214 with Vio in the latter one does not significantly change the 215 overall excitation dynamics in LHCII. Meanwhile, in the LHCII 216 monomers from npq2lut2 mutant, the drop in observed FL 217 intensities was even more pronounced and exceeded 45% in 218 these complexes, and the dominating fluorescence intensity 219 decreased down to 85 a.u. In all the mutants, not only the 220 maximum position of the band of the FL intensities of the 221 strongly fluorescing states shifted toward lower intensities 222 (comparing to the WT samples), but also the amplitude of this 223 band (i.e., the number of occurrences of the corresponding FL Most of the detected FL intensity levels had a duration from 266 several hundreds of milliseconds to ∼3 s, but longer-living 267 states were also observed, in accordance with the well-known 268 power-law distribution. 25, 26 By averaging the correlation maps 269 in Figure 3a over the horizontal axis, we obtain the mean 270 durations ⟨Δt n (F n )⟩ of each resolved FL intensity level F n , as 271 shown in Figure 3b . While the mean duration of the FL 272 intensity levels corresponding to the dark states (those around 273 F n = 0) in both npq1lut2 and aba4npq1lut2 mutants remain the 274 same as in WT LHCII trimers, those in the npq2lut2 exhibit a 275 notable drop, as indicated by the red arrow in Figure 3b . On 276 average, the dark conformation survives for 2.5 s in both WT 277 trimers and npq1lut2 mutants, its mean duration then decreased 278 to 2.3 s in aba4npq1lut2 and further dropped down to 2.2 s in 279 the npq2lut2 mutant (see Figure 3c ). showing correlation between the mean intensity F n of nth state (horizontal axis) and the mean intensity F n+1 of the following (n + 1)th state (vertical axis). The number of single LHCII trimers and the numbers of the resolved FL intensity levels are indicated at the top. The TD map is normalized to 1, and the color scale on the right indicates the probability of the corresponding transition F n → F n+1 . The observed cross-peaks correspond to the conformational switching between different states of LHCII, denoted as "dark", "FL1", "FL2" and "FL3" and separated with white dashed lines. LHCII monomers from the carotenoid mutants exhibit qualitatively similar correlation maps (b−d). We have also demonstrated that the replacement of the 368 lutein pigments with either Vio or Zea, preventing the 369 formation of tightly bound trimeric complexes, results in faster 370 conformational dynamics compared to that observed in WT 371 LHCII trimers. This explains why such monomeric pigment− 372 protein complexes are more sensitive to a varying environment 373 such as lumen protons, as was previously observed during the in 374 vitro experiments. 34 Meanwhile, the fact that all the samples 375 exhibited fluorescence blinking behavior and the observed 376 properties of the dark conformational state were rather similar 377 regardless of the carotenoid compositions reveals the identical 378 nature of the quenching mechanism in all these LHCII 379 complexes. Our observations suggest that not a particular 380 carotenoid but rather a carotenoid that is bound to a specific 381 binding locus acts as quenchers. Hence, the variability of LHCII 382 carotenoid types is less critical than their environment. and technically it is difficult to measure its exact intensity. 

